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Sindbis virus particles are composed of three structural proteins (Capsid/E2/E1). In the mature virion the E1 glycoprotein is organized in a
highly constrained, energy-rich conformation. It is hypothesized that this energy is utilized to drive events that deliver the viral genome to the
cytoplasm of a host cell. The extraction of the E1 glycoprotein from virus membranes with detergent results in disulfide-bridge rearrangement
and the collapse of the protein to a number of low-energy, non-native configurations. In a new approach to the production of membrane-free
membrane glycoproteins, furin protease recognition motifs were installed at various positions in the E1 glycoprotein ectodomain. Proteins
containing the furin-sensitive sites undergo normal folding and assembly in the endoplasmic reticulum and only experience the consequence
of the mutation during transport to the cell surface. Processing by furin in the Golgi results in the release of the protein from the membrane.
Processing of the proteins also impacts the envelopment of the nucleocapsid in the modified plasma membrane. This technique provides a
unique method for studying the mechanism of virus assembly and protein structure without altering crucial early events in protein assembly,
folding, and maturation.
D 2004 Elsevier Inc. All rights reserved.
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As the prototype of the Alphavirus genus, Sindbis
virus (SV) has long served as a model system for the
investigation of virus structure and the processes of
assembly, host recognition, and infection (Strauss and
Strauss, 1994). SV is an arthropod-borne virus with a
positive polarity single stranded RNA genome that is
11,703 nt in length. The viral genome encodes four
nonstructural proteins (nsP1 to nsP4) and three structural
proteins (C/E2/E1). The structural proteins are translated
from a polycistronic subgenomic 26S RNA which has the
potential to produce the polyprotein NH2-Capsid-PE2-6K-
E1-COOH. The intrinsic autoproteolytic activity of the
capsid protein (C) releases it from the developing0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2004.12.013
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E-mail address: dennis_brown@ncsu.edu (D.T. Brown).polypeptide. This processing event exposes a signal
sequence which first arrests translation and then directs
the translational complex to the endoplasmic reticulum
where translation reinitiates producing NH2-PE2-6K-E1-
COOH. Signal peptidase activity results in the excision of
6K from the polyprotein producing PE2 and E1
(Lilijestrom and Garoff, 1991). In the Trans Golgi
Network (TGN), the PE2 precursor is processed to E2
by the endoprotease furin and E1 is converted from a
stable to a metastable high-energy protein. The endopro-
tease furin is a member of the PACE enzyme superfamily
(Paired basic Amino acid Cleaving Enzyme) (Moehring
et al., 1993). Furin is a calcium dependent subtilisin-like
Kex-2 analog endoprotease that carries out post-transla-
tional modifications within vesicular membranes of the
secretory pathways of mammalians cells and is also
found in insect cells. Furin cleaves PE2 to E2 and E3 at
the conserved amino acid sequence Arg-X-Arg/Lys-Arg.
The E3 protein is not found in mature SV particles.05) 629–639
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structural proteins in a 1:1:1 stoichiometric arrangement
with the glycoproteins E1 and E2 making up the icosahedral
surface protein lattice. The outer protein shell adopts a T = 4
icosahedral conformation and is composed of 80 E1/E2
heterotrimeric spikes (Paredes et al., 1993, 1998). The T = 4
icosahedral conformation is also adopted by the internal
core of the virus which is composed of 240 capsid proteins
(Paredes et al., 1993). Receptor recognition by the E2
protein is postulated to be the first step in infection. Sindbis
has the ability to infect a diverse range of hosts suggesting a
receptor common to many species. While candidates have
been found, the specific receptor(s) has yet to be identified
(Klimstra et al., 2003). Once host cell recognition is
established, genome introduction is the second step of
infection and the E1 glycoprotein is implicated in this step.
The ectodomain of the E1 glycoprotein has been demon-
strated to be composed of two disulfide-bridge constrained
domains; a functional domain (amino acids 1–129) and
structural domain (amino acids 130–436) separated at amino
acid 129 (Phinney and Brown, 2000) based on sensitivity to
reducing agent (Anthony et al., 1992). These two domains
contain intramolecular disulfide-bridges involving 12 cys-
teine residues, which stabilize the protein in a compact,
energy-rich conformation. Short-term treatment with reduc-
ing agent eliminates virus infectivity (functional domain)
but does not affect the integrity of the virion. Extended
treatment with reducing agent dissolves the outer protein
lattice (structural domain) (Anthony et al., 1992). The
energy stored in the E1 protein may be used to breach the
cell membrane of the host to initiate genome delivery. The
mechanism by which cell penetration takes place is unclear.
There are data supporting the model that penetration takes
place by membrane fusion in acidic endosomes (Kielian,
1995). Other data however suggest acid-independent pen-
etration at the cell surface by formation of a proteinaceous
pore in the absence of membrane fusion (Paredes et al.,
2004).
The disulfide-bridges formed by the cysteine residues in
the E1 ectodomain are important for proper structure and
function of the virus (see above). In a series of papers
(Carleton et al., 1997; Mulvey and Brown, 1994, 1995,
1996), we have demonstrated that the E1 glycoprotein of
Alphaviruses is folded progressively into a compact highly
constrained and energy-rich configuration as it is assembled
in the ER. Initially, E1 is found in a relaxed, extended
conformation referred to as E1a (Mulvey and Brown,
1994). A series of folding intermediates, stabilized by
disulfide-bridges, are formed as the E1 protein matures to a
compact, stable, energy-rich conformation referred to as E1
q. E1q is found in the heterotrimers with PE2 which are
exported from the Endoplasmic Reticulum (ER) to the trans-
Golgi network (TGN) (Carleton et al., 1997). As E1 is
delivered into mature virions, it is converted from a
relatively stable to a metastable configuration. We have
shown that treatment of mature virus with detergent resultsin the conversion of the E1 protein into at least 5 protein
species, which can be distinguished by PAGE under non-
denaturing conditions. All of these protein species migrate
slower than the compact E1 form, which is assembled in the
ER. This reorganization occurs rapidly upon exposure to
detergent and cannot be prevented by thiol-blocking agents
(Mulvey and Brown, 1994).
Detergent extraction from mature virions followed by
proteolytic removal of the transmembrane domain has
allowed crystallization of the Semliki Forest Virus E1
glycoprotein ectodomain and has yielded a structure at
atomic resolution (Lescar et al., 2001). Likewise, release of
the TBE E glycoprotein from virions by protease treatment
followed by purification in detergent produced a crystal
structure for Flavivirus E (Heinz et al., 1991; Rey et al.,
1995). In other experiments, the ectodomain of the Dengue
virus E protein (also a Flavivirus) has been crystallized in
detergent after expression as a truncated protein without
the membrane-anchoring domain (Modis et al., 2004).
These analyses produced remarkably similar structures. All
of the studies which have examined the structure of
isolated Alphavirus E1 or Flavivirus E have involved
steps in which the protein is exposed to detergent prior to
analysis (Bressanelli et al., 2004; Gibbons et al., 2004;
Heinz et al., 1991; Lescar et al., 2001; Modis et al., 2004;
Rey et al., 1995; Wengler and Rey, 1999). It is therefore
unclear whether or not the structures determined are of the
native protein or of a reorganized product of detergent
treatment as described above (Mulvey and Brown, 1994).
All of the crystal structures published of E1 and E are of
an extended and relaxed configuration and it is therefore
possible that the crystal structure produced is one of a non-
native low energy form of the protein. We have shown,
using protein modification and mass spectrometry of intact
virions at neutral pH, that tyrosines 1 and 15 of E1 are
exposed on the surface of the virion (Phinney et al., 2000).
In the crystal structure, these amino acids are buried in the
fold. The protocol for production of membrane glycopro-
teins we describe herein may generate material which can
confirm the published structure E1 or provide an alter-
native configuration.
To avoid complications which may arise from detergent
extraction of integral membrane proteins, we have made use
of the endoprotease furin to produce truncated E1 glyco-
proteins that are secreted from BHK-21 cells. Three
functional domain mutants (furin E1 aa 130, 133, 139)
predicted to release the functional domain (NH terminal
domain described above) and two ectodomain mutants
(furin E1 aa 392, 393) predicted to release entire ectodomain
of the E1 protein were constructed. For all of these mutants,
proteolytic cleavage of the E1 protein occurs after critical
folding and assembly events in the ER. The data presented
show that the correctly folded high-energy conformation of
the E1 is transported from the ER to the TGN in the non-
permissive BHK-21 cell line where it is cleaved by furin at
the installed furin protease-sensitive motif. This proteolytic
S. Nelson et al. / Virology 332 (2005) 629–639 631cleavage produces a secreted E1V protein functional domain
or a secreted ectodomain (E1V ) depending upon the location
of the furin site. When the mutant viruses are grown in the
permissive CHO RPE.40 cell line, which is furin deficient,
no truncated E1V proteins are observed. The truncated E1V
protein was positively identified by mass spectrometry and
both reducing and non-reducing analysis showed that the
truncated E1V protein may have retained the native disulfide-
bridge patterns associated with the full-length protein. This
strategy allows the protein to fold and assemble normally in
the ER prior to its conversion in the TGN to a secreted
protein.
The introduction of furin cleavage sites into the
ectodomains of membrane glycoproteins also provides a
new approach for the study of protein assembly and
function. The commonly used protocol of reverse genetics
introduces mutations into a protein as synthesis of the
protein takes place. This means that the mutation can impact
all events related to the maturation of that protein into its
functional form. The introduction of furin sites in protein
ectodomains can be tested for its effects on maturation by
producing the protein in cells that lack furin. The mutations
which are silent in furin-negative cells can be used to
determine the effects of the mutation on protein structure
and function after all normal folding and assembly events
have taken place in the endoplasmic reticulum in cells
containing furin. We show below that the processing of
these sites can have profound effects on the final events in
virus assembly.Fig. 1. Schematic representation of Sindbis virus E1 and E2 membrane glycoprote
specific tertiary structure is being implied. The open lollipop shapes represent ca
squares labeled S, represent only 2 of the disulfide bridges found in E1. The locatio
open circles and are numbered according to the first amino terminal Arg in the
installed at amino acid 130, followed by additional mutants at positions 133 and 13
proximal furin site containing mutants were constructed at E1 amino acid positions
the ectodomain mutants.Results
Location of furin protease-sensitive sites in Sindbis virus E1
In determining the location best suited to engineer the
furin protease-sensitive sites, careful consideration was
given to issues such as steric hindrance and distance to the
membrane (Fig. 1). Structural prediction programs (DNA
Star, Madison WI), mass spectrometry data (Phinney et al.,
2000), and existing crystal structures (Lescar et al., 2001)
were utilized to predict domains on the protein surface and
these exposed domains were selected for insertion of
furin-sensitive sites. In addition, all the furin protease-
sensitive sites were positioned outside of disulfide-linked
domains (Phinney and Brown, 2000). Based on the data
from mass spectrometry (Phinney and Brown, 2000),
mutations were placed between the functional and
structural domains of E1 (functional domain mutants)
and close to the virus membrane (ectodomain mutants)
(Fig. 1). The functional domain mutants were predicted to
secrete a polypeptide of approximately 14 kDa (membrane
distal) into the media while the predicted ~37 kDa
structural domain (membrane proximal) should remain
associated with the cell. The ectodomain mutants were
predicted to secrete the entire ~49 kDa ectodomain into
the media. To test these hypotheses, five furin protease-
sensitive E1 mutants were generated: the functional
domain mutants (furin 130, 133, 139) and the complete
ectodomain mutants (furin 392, 393).ins. Depicted in tubular form is a heterodimer of the proteins E1 and E2. No
rbohydrates, N-139, N-245 of E1 and N-196, and N-318 of E2. The open
n of the engineered furin protease recognition motifs are represented by the
recognition motif. Beginning at the E1 amino terminus, the first site was
9. These three mutants represent the functional domain mutants. Membrane
392 and 393. These mutants produce the truncated E1Vprotein and represent
Fig. 2. Particle/pfu ratios of BHK-21 grown wild type virus and furin-
sensitive mutants. The furin 133 and 139 mutants produce essentially wild
type particle/pfu ratios. The furin 130 mutant produced the highest number
of noninfectious particles of all of the mutants, at a ratio of 5  105
particles/pfu. Mutants 392 and 393, respectively, produce 2–2.5 orders of
magnitude more noninfectious virus when compared to wild type.
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CHO RPE.40 cells
Analysis of virus production by the functional domain
mutants grown in BHK-21 and CHO RPE.40 cells revealed
several interesting characteristics of these viruses. When
grown in BHK-21 cells, wild type virus grows to a titer of
6.5  109 pfu/ml (Table 1). The mutants containing the
furin-sensitive sites all produced significantly lower
amounts of infectious virus. The 130 mutant showed the
greatest decrease in titer, approximately five orders of
magnitude, compared to the wild type virus titer. The
decrease in virus production suggests that the engineered
furin protease-sensitive site at this position is accessible to
the endoprotease and is processed. Other mutations in the
junction between the structural and functional domains
produced varied results. A reduction in infectious virus
production of ~104 pfu/ml was observed for the 139 mutant.
This reduction in titer is not as large as observed with the
130, or the 133 mutant and implies that the position of the
furin site within the amino acid sequence separating the
functional and structural domains effects the production of
infectious virus particles. The decrease in titer also
suggested that incorporation of truncated E1 into virus
particles might have resulted in the production of non-
infectious particles. These particles may have incorporated
some E1 protein missing the amino-terminal region of the
protein. Support for this contention was obtained by
showing that BHK-21 grown virus from the 130 mutant
had a very high particle to plaque forming unit ratio
(particle/PFU) (Fig. 2). The mutations at positions 133 and
139 resulted in production of virus with a particle/PFU ratio
similar to wild type, indicating that only non-processed
protein was incorporated into assembled virus. When the
functional domain mutants are grown in CHO RPE.40 cells,
they all produce infectious virus in amounts similar to that
produced by wild type virus. This demonstrates that the drop
in virus production observed when these viruses are grown
in BHK-21 cells is the result of the presence and subsequent
processing of the furin-sensitive E1 by furin. In addition, the
ability of the virus to grow and assemble in the CHO
RPE.40 cell line shows that the amino acid changes related
to the insertion of the furin protease-sensitive sites does not,
in and of itself, effect virus protein translation, protein
folding, or assembly of the virus.Table 1
Infectious virus production from BHK-21 and CHO RPE.40 cell lines
Virus Titer from BHK-21
cells (pfu/ml)
Titer from CHO
RPE.40 cells (pfu/ml)
Wild type 6.50  109 1.25  1010
Furin 130 4.00  104 5.23  1010
Furin 133 4.40  105 5.13  1010
Furin 139 5.80  105 1.95  1010
Furin 392 6.00  106 5.00  109
Furin 393 6.00  106 5.00  109Growth of ectodomain furin mutants in BHK-21 and CHO
RPE.40 cells
The E1 392 and 393 mutants grew to very similar titers in
BHK-21 cells (6  106 pfu/ml) with virus production for
both mutants being three orders of magnitude below that of
wild type (Table 1). As was the case for mutants 130, 133,
and 139, mutants 392 and 393 produce virus near wild type
levels in the CHO RPE.40 cells. The mutants 392 and 393
were found to be similar to mutant 130 in that they produced
much higher levels of non-infectious particles in comparison
to the 133, 139 mutants and wild type. As with the other
mutants, it was concluded that the reduction in the
production of infectious virus by the 392 and 393 mutants
resulted from the processing of furin-sensitive E1 by furin
and not changes in amino acid sequence.
Analysis of furin-sensitive virus cell associated proteins
To further establish that the inserted furin-sensitive sites
were recognized by the protease during the process of virus
maturation, proteins produced by the mutants were analyzed
by PAGE. Immunoprecipitations were carried out on
supernatants of infected monolayers or lysates of infected
cells and labeled viral proteins were analyzed on SDS or
tricine gels as described in methods (Liu and Brown, 1993).
Shown in Figs. 3A, lane 5 and B, lane 1 are proteins
immunoprecipitated from lysates of cells transfected with
RNA from a vector containing a non-Sindbis plant RNA
(P75) or mock transfection (M), respectively. Neither
display bands that comigrate with the wild type virus
proteins and served as negative controls. SV structural
proteins are detected in the wild type positive control lanes
(Figs. 3A, Lane 4 and B, lane 2). All of the furin-sensitive
mutants were found to express all of the viral structural
proteins seen in the wild type protein profile. The pattern of
protein processing observed with the ectodomain mutants
(Fig. 3B, lanes 3 and 4) is similar to that seen with the wild
type virus. No truncated virus proteins were detected as
these were expected to be released from the cell into the
Fig. 3. Tricine and SDS-PAGE analysis of proteins produced by furin-sensitive mutants. Shown in (A) is the autoradiograph of cell lysate immunoprecipitated
proteins from transfected BHK-21 cells expressing, furin-sensitive mutant 130 (lane 1), furin-sensitive mutant 133 (lane 2), furin-sensitive mutant 139 (lane 3),
wild type virus (lane 4), and a negative plant vector control, p75 (lane 5). Additional bands for the mutants 130 and 133 are seen in the form of a 37-kDa
structural domain fragment and a 14-kDa functional domain fragment (lanes 1 and 2). The furin-sensitive mutant 139 (lane 3) was not processed at the installed
furin site. Lane 5 contains the negative control precipitate did not demonstrate protein bands co-migrating with the Sindbis virus proteins. (B) Depicts a cell
lysate immunoprecipitation from mock (lane 1) and wild type transfections (lane 2). The wild type lane shows proper structural protein processing and the
mock shows no comigrating bands. The ectodomain mutants 392 (lane 3) and 393 (lane 4) also show proper processing of the structural proteins. E1V is not
present because this protein is secreted and not cell associated. (C) SDS-PAGE of supernatant of metabolically labeled; mock (lane 1), wild type (lane 2), 133
(lane 3), 392 (lane 4) and 393 (lane 5) infected monolayers. The 392 and 393 mutant infected monolayers secrete the truncated E1V protein which is not seen in
the wild type and mock control lanes nor in the 133 lane.
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133 (Fig. 3A, lanes 1 and 2) revealed the presence of a
truncated ~37 kDa structural domain associated with the
cells as predicted. This band migrates above the ~30-kDa
capsid protein band. Also, low levels of the ~14 kDa
functional domain were detected. This could be the result of
binding of some of the truncated functional domain with
cellular or viral proteins. Furin did not process the 139
mutant as predicted, although a significant drop in virus
production was observed in BHK-21 cells. The reason for
this non-protease related phenotype is not clear but may be
related to the loss of a glycosylation site at E1 139 which is
processed differently in the two cell lines (Fig. 3A, lane 3).
Analysis of secreted viral proteins
To determine if the 392 and 393 furin-sensitive mutants
secreted the truncated E1 protein ectodomain as predicted
(see above), BHK-21 cells were transfected and the virus
products produced were analyzed on SDS-PAGE (Fig. 3).
Fig. 3C lane 2 shows E1 and E2 (~50 kDa each) and capsid
(~30 kDa) virus proteins from a wild type transfection. The
E1 133 mutant (lane 3) produced a protein profile similar to
that of the wild type, while the 392 and 393 mutants (Fig. 3C,
lanes 4 and 5) contain an additional band (E1V) which
migrates faster than the wild type E2 protein. This additionalband was not present in the control lanes. E1V migrates at the
molecular weight predicted for the truncated E1 ectodomain
released by furin processing (~49 kDa). The E1V band seen in
Fig. 3C (lane 5) was excised from the gel and analyzed by
mass spectrometry. A 33-amino acid peptide was positively
identified as being part of the amino terminus (aa 17 to 50) of
SV E1 glycoprotein. No non-virus or non-E1 sequence was
identified from this band.
E1V was also analyzed to determine if it was in a compact
form stabilized by disulfide-bridges. The mild reducing agent
DTT or the alkylating agent NEM (to prevent disulfide
reshuffling) was added directly to the supernatant of
metabolically labeled wild type, 392, or 393 mutant infected
BHK-21 cells and the proteins were analyzed by SDS-PAGE.
Fig. 6 shows that in the presence of NEM (lanes 1 and 3) all
the structural proteins of the mutants migrate at the same
position as those of the wild type virus (lane 5). The truncated
E1Vmigrates as a compact highly constrained structure (lanes
1 and 3) slightly below E2. In the presence of DTT, (lanes 2,
4, and 6) the virus protein bands migrate slower compared to
the NEM treated proteins indicating the reduction of disulfide
bridges and the production of relaxed extended conforma-
tions. The reduction of E1V demonstrates the presence of
disulfide bridges, which can be reduced by DTT treatment.
Mock infected cells (lanes 7 and 8) show no contaminating
protein bands.
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stains of purified mutant viruses
To examine the morphology of cells infected with the
furin-sensitive mutants, thin sections of infected BHK-21
and CHO RPE.40 monolayers were examined by electron
microscopy (Fig. 4). Infection of BHK-21 cells with wild
type virus (Fig. 4A) produced images similar to previously
published data (Brown, 1980). The cytoplasm contained
numerous nucleocapsid structures associated with intra-
cellular vesicles and no aberrant cellular morphology could
be seen. Micrographs of furin-sensitive mutant-infected
BHK-21 monolayers compared to BHK-21 monolayers
infected with wild type virus revealed several distinct
morphologies related to infection with the mutants (Figs.
4B to 4D). The E1 133 mutant exhibited the formation of
many multi-cored particles (black arrows in Fig. 3B)
which are noticeably absent in the wild type monolayer. In
addition, several long membranous appendages containing
multiple virus cores can be seen. The phenotype of the
furin 392 mutant-infected monolayers displayed tubular
structures which were more pronounced and extended
further than those observed in cells infected with the furin
393 mutant (Figs. 4C and D). The furin 392-infectedFig. 4. Electron micrographs of BHK-21 monolayers infected with furin-sensit
infection. Many nucleocapsid structures can be seen associated with intracellular
particles budding at the plasma membrane (arrows). (B) Monolayer infected wi
nucleocapsid cores forming multi-cored particles. Several similar structures can
furin-sensitive mutant. The cell contains long tubular structures with partially env
mutant. (D) A monolayer infected with mutant 393. This mutant also displayed th
other mutants.monolayers displayed membrane tubes containing several
virus particles that appear partially enveloped. This
particular characteristic was uniquely associated with the
furin 392 mutant. The incorporation of truncated proteins
into the developing virus particle may prevent completion
of the envelopment process. The formation of the tubular
structures may result if the failure in envelopment is
repeated in adjacent particles along the protein modified
plasma membrane. In response, additional membrane may
be recruited to the potential budding sites in the absence of
complete virus particle envelopment resulting in the
formation of tubular membrane structures studded with
half enveloped particles such as those observed. The E1
393 mutant does not produce the dramatic morphology
seen in BHK-21 cells infected with the furin E1 392
mutant or the functional domain mutants; however, the
formation of multi-cored particles is still observed (Fig.
4D). Negative stains of gradient purified virus did not
reveal altered morphology in mature virus particles for any
of the mutants. The mature virus particles produced by
these furin-sensitive mutants may either be composed of
proteins that escaped processing by furin or alternatively
they did not incorporate sufficient amounts of truncated
proteins to alter the process of their assembly.ive mutants and wild type virus. (A) A typical wild type Sindbis virus
vesicles (arrowheads), and free cores within the cytoplasm in addition to
th the furin-sensitive 133 mutant. Highlighted by the arrows are multiple
be seen at the plasma membrane. (C) A monolayer infected with the 392
eloped virus particles. These structures are unique to the 392 furin-sensitive
e formation of multi cored particles but at a much lower incidence than the
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To determine if the truncated E1V is virus associated and
if it can be isolated from the media of metabolically labeled
infected BHK-21 cells, the supernatant of cells infected with
E1 furin-sensitive mutant 393 or wild type virus was
centrifuged on a continuous sucrose gradient and the
fractions derived from the gradient were analyzed by
SDS-PAGE. Wild type virus proteins were recovered in
the more dense regions of the gradient indicating their
association with rapidly sedimenting virus particles, (Fig.
5A, lanes 1–3). Analysis of the supernatant of cells infected
with the E1 393 mutant revealed a sedimentation profile
similar to that of the wild type virus. The majority of the
viral proteins for the 393 mutant were also recovered in the
more dense fractions indicating their association with
rapidly sedimenting material (Fig. 5B, lanes 1–3). The
supernatant of cells infected with mutant 393 also contained
slow sedimenting protein in the upper (low density) region
of the gradient (fraction 13) which was not recovered from
wild type infected. In PAGE analysis this slow sedimenting
material was found to contain a single protein species which
migrates at the molecular weight predicted for E1V. Some
E1V was also found sedimenting further into the gradient
indicating the possibility of monomeric and multimericFig. 5. SDS-PAGE of fractions from linear sucrose gradients of wild type
virus and the furin-sensitive mutant 393. Metabolically labeled virus
supernatants from wild type or furin 393 infected BHK-21 cells were
centrifuged over linear 1% to 20% sucrose gradients with a 65% cushion.
Fractions (0.5 ml) were collected and analyzed using SDS-gels. Shown in
(A), wild type virus associated proteins are seen only in fractions 1–3. In
(B) are fractions from the gradient of the furin-sensitive 393 mutant. This
autoradiograph shows that the majority of virus associated proteins are
found in fractions 1 and 2, essentially as shown for the wild type virus.
However, this mutant contains an additional protein seen in fractions 9–11,
and fraction 13. Fractions 9–11 are proposed to contain multimeric forms of
the E1V protein with fraction 13 containing the monomeric E1V protein.forms of the truncated E1 protein (fractions 9–11). These
data demonstrate that the secreted E1V is not associated with
virus or cell debris and that it can be purified away from
wild type viral proteins.Discussion
Sindbis virus has a lifecycle that involves both verte-
brates and invertebrates with mosquitoes serving as the
primary vector (Brown and Condreay, 1986). Sindbis is the
prototype Alphavirus utilized in research of virus assembly,
function pathogenesis and vaccine development (Strauss
and Strauss, 1994). The Sindbis virus envelope is com-
prised of a host derived lipid membrane bilayer and two
type one integral membrane proteins E1 and E2. The E1
glycoprotein is sequentially folded in the ER into a compact
energy-rich dynamic configuration that is stabilized by six
intramolecular disulfide-bridges (Mulvey and Brown, 1994;
Phinney and Brown, 2000; Carleton et al., 1997). As E1 is
exported from the ER to the plasma membrane it is
converted from a stable to a metastable conformation. The
metastable form of E1E is the form that populates the
heterotrimeric spikes in the mature virion. This high-energy
compact E1 structure collapses into a family of non-native
relaxed configurations if the protein is extracted from the
membrane of mature virions with detergent (Mulvey and
Brown, 1994). The ectodomain of the E1 glycoprotein is
composed of two disulfide-bridge constrained domains; a
functional domain (amino acids 1–129) and structural
domain (amino acids 130–436) separated at amino acid
129 (Phinney and Brown, 2000) (Anthony et al., 1992). The
procedure of producing the protein ectodomains by utilizing
the enzyme furin to release the ectodomain described above
is intended to avoid the rearrangements that occur if the
protein is exposed to detergent. At the same time this
protocol should obviate problems related to the synthesis of
the protein from a clone as a truncated species. In that
scenario, folding in the absence of a membrane anchor may
result in the development of non-native conformations
(Allen et al., 2004).
In the experiments described above, we have examined
the feasibility of using the TGN resident endoprotease furin
to release virus proteins from the membrane in which they
are assembled. Furin recognizes and cuts at the conserved
amino acid motif Arg-X-Arg/Lys-Arg. This motif was
introduced into the ectodomain of the E1 glycoprotein from
Sindbis virus at amino acid positions 130, 133, 139
(functional domain mutants) and 392 and 393 (ectodomain
mutants) (Fig. 1). In these initial experiments, the furin-
sensitive sites were engineered outside of domains predicted
to be linked by disulfide-bridges. The goal was to produce
mutations which would release the amino terminal portion
of the processed protein from the virus membrane.
Mutations located within the disulfide-linked domain would
be predicted to retain the cleaved peptide attached to the
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examined the effects of these changes in amino acid
sequence on virus assembly using the furin-negative cell
line CHO RPE.40. We determined the effects of proteolytic
processing of the mutant E1 proteins by examining
assembly in the furin-positive BHK-21 cell line.
Comparison of virus growth in BHK-21 cells showed
that the mutant virus consistently produced lower amounts
of infectious virus compared to wild type virus (Table 1).
Processing of the furin protease-sensitive site in the func-
tional domain mutants (130, 133, 139) resulted in a
minimum decrease of ~104 pfu/ml in infectious virus
production with the E1 139 mutation showing lesser
deleterious effects on assembly and function (Fig. 2). This
suggests that the position of the furin site effects its
susceptibility to protease. The decrease in titer of the
functional domain mutants (130, 133) is in agreement with
previous studies from our laboratory which showed that
disruption of the functional domain by DTT treatment
reduced virus infectivity (Anthony et al., 1992). The
decrease in production of infectious virus by these mutants
also suggests that they are being processed by furin and that
this processing effects the amount of infectious virus
produced when grown in BHK-21 cells. Loss of infectious
virus production however was not observed when the
viruses were grown in the furin-negative CHO RPE.40 cell
line (Table 1). This demonstrated that the changes in the E1
protein amino acid sequence are not responsible for the
reduction in infectious virus production and thus not
detrimental to virus assembly and function. The consistently
low titers produced by these mutants and sequencing
analysis of virus produced suggest that spontaneous
revertants have not appeared.
Two general conclusions arise from these studies. First:
furin-sensitive mutants are dramatically restricted in their
ability to produce infectious virus in BHK-21 cells,
however, some of these mutants produce large numbers of
non-infectious virus particles. Second: the presence of the
mutations interrupts the process of virus assembly. This is
not due to the changes in the amino acid sequence as
demonstrated by the efficient production of infectious virus
in the permissive host cells. The processing of the furin sites
is incomplete and this may account for some of the
properties of these mutants. The E1 glycoprotein is folded
and assembled with the precursor to the E2 protein (PE2)
into trimers of heterodimers (E1-PE2) which are subse-
quently exported from the ER. As these trimers move to the
cell surface they encounter the enzyme furin in the Golgi
apparatus. It is possible that the relative amount of furin
present is insufficient to engage and process all the furin-
sensitive E1 proteins prior to its reaching the cell surface.
This implies that some E1–E2 heterotrimers may have all
three copies of E1 processed while others may have two
copies, one copy, or no E1 processed. Various combinations
of processed and unprocessed E1 in trimers of E1 and E2
may affect the assembly and function of these virus as 80 ofthese trimers are incorporated into mature virions. This
raises a number of interesting questions. Can infectious
particles contain any furin processed E1, even a single
copy? If the virus can tolerate the incorporation of furin
processed E1, how many copies can it tolerate in each
trimer? It was recently shown that a pentameric aggregation
of E1 glycoproteins at the five fold axis develops in
response to exposure to low pH or interaction with a
cellular receptor at neutral pH (Paredes et al., 2004). Data
produced by our laboratory suggest that this structure may
form a proteinaceous pore in the cell plasma membrane
through which virus RNA passes to initiate infection. It is
possible that the incorporation of a single processed E1 (i.e.,
in mutant 130 which has a very high particle/PFU ratio) may
prevent the function or formation of the pore. The defect in
133 and 139 (which produce virus at low titer but with wild
type particle/PFU ratios) may prevent the incorporation of
the processed protein into the mature virion. Surprisingly,
mutants 392 and 393 also produce large numbers of non-
infectious virus suggesting the possibility that some E1
consisting of only the transmembrane domain may find its
way into virus particles.
Processing of E1 results in the accumulation of partially
enveloped virions multi-cored structures, and tubular
structures containing cores (Fig. 4). These observations
suggest that the incorporation of heterotrimers containing
processed E1 may stop the process of envelopment. The
presence of processed E1 protein in the heterotrimers may
not prevent the recruiting of these trimers into the
developing virus envelope. Trimers are recruited into the
virion by interaction of capsid protein with the endodomain
of the E2 glycoprotein and this assembly event may not
require functional E1. We and others have shown that the
lateral associations which link the trimers to one another are
used to build and maintain the icosahedral protein lattice.
Clearly a loss of structure within the E1 protein complex
would be expected to effect the formation of these lateral
interactions. It is unknown how much processed protein
would be required to arrest envelopment or produce the
structures seen in thin sections.
The E1 139 functional domain mutant was not cleaved by
furin as predicted (Fig. 3A). This result suggests that the
location of the furin-sensitive sites cannot be determined by
prediction alone but must also be evaluated experimentally.
It is unclear why this site is not processed by furin and we
cannot explain why this mutant demonstrates the phenotype
of producing noninfectious virus in BHK-21 cells while
producing wild type amounts of virus in the furin-negative
CHO cells. The introduction of the furin-sensitive sequence
eliminates the glycosylation site at E1 139. This alteration
may alter E1 assembly preferentially in BHK-21 cells.
Insertion of furin protease-sensitive sites in E1 results in
the production of truncated E1 protein functional and
ectodomains. The 130 and 133 functional domain mutants
produced truncated E1 structural domains which remained
associated with the cell as predicted. The 392 and 393
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21 cells and secreted a truncated E1 protein ectodomain into
the media (Fig. 3C). This ~49 kDa E1V was identified by
mass spectrometry to contain a 33-amino acid peptide from
the amino terminus of the Sindbis E1 protein. Examination
of E1V under reducing and non-reducing conditions suggests
that the truncated protein may have retained its compact
high-energy configuration. This contention is currently
being investigated. In addition, it was found that the
secreted E1V is not virus associated (Fig. 5) and can be
purified away from other virus-associated proteins using a
linear sucrose gradient. The fact that the amount of E1V seen
on PAGE (Figs. 3C) is from a very small amount of
unprocessed cell media indicates that there could be a large
amount of this protein secreted from infected cells.
These data collectively suggest that insertion of furin-
sensitive sites produce truncated E1 protein functional
domains and ectodomains possibly in a native configura-
tion and that the truncated E1 may be suitable for structural
analysis. Comparing crystal structures of the ectodomain of
E1 obtained using this method to that of E1 obtained by
detergent extraction of the protein from the membrane or
by expressing a non-membrane associated truncated protein
may provide important information on the native confor-
mation of the protein and the dynamic properties of this
energy-rich protein. The insertion of furin-sensitive sites in
the ectodomains of virus membrane proteins represents a
new method for studying virus assembly and the generation
of membrane glycoprotein for structural analysis. Little is
known about the structure of the Sindbis companion
protein E2. We are expanding our study to determine ifFig. 6. SDS-PAGE of supernatants from furin-sensitive and wild type virus
infected BHK-21 cells. The supernatants of Wild type, 392 and 393 mutants
were incubated on ice for 5 h in the presence of 20 mM DTT or NEM prior
to gel analysis. A mock infection served as the negative control (lanes 7 and
8). The wild type control (lanes 5 and 6) showed normal protein processing.
In lane 5, the virus glycoproteins are shown in the presence of NEM and
under these conditions, the structural proteins migrate to their typical
molecular weights. However, in the presence of DTT (lane 6), the reduced
E1 and E2 proteins migrated slower. The E2 protein was not completely
reduced in this and some of the other samples. The ectodomain mutants,
furin 392 and 393 showed similar patterns of migration for their structural
proteins in the presence of NEM (lanes 1 and 3, respectively) with the
presence of an additional band, E1V. In the presence of DTT (lanes 2 and 4),
E1, E2 and the E1V bands showed decreased mobility. The E2 protein in the
393 furin-sensitive mutant (lane 2) was also not completely reduced.this protein can be prepared by the process described above
and to examine the effects of proteolysis of E2 on virus
assembly.Materials and methods
Cell culture and virus infectivity assay
Baby hamster kidney cells (BHK-21) were utilized as
previously described. Briefly, these cells were grown at
37 8C under 5% CO2 and maintained in minimal essential
medium (MEM) containing Earl’s salts (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen), 5% tryptose phosphate broth (Becton
Dickinson Microbiology Systems, MD, USA), and 2 mM
glutamine as described previously (Renz and Brown,
1976). The Chinese Hamster Ovary (CHO RPE.40) cell
line was cultured at 37 8C under 5% CO2 in HamVs F-12
EagleVs medium containing 10% fetal bovine serum (FBS)
(Invitrogen, Carlsbad, CA), and 2 mM glutamine. Titers
of all viruses produced from either host cell line were
determined on BHK-21 cells as previously described
(Renz and Brown, 1976).
Site-directed mutagenesis and production of infectious
transcripts of mutant viruses
The furin-sensitive mutants were all generated by
Quick Change site-directed mutagenesis (Stratagene, La
Jolla, CA). When possible, existing amino acids were
used along with a combination of amino acid changes
and insertions to create the furin protease recognition
motif (Arg-X-Arg/Lys-Arg). The nucleotide sequences for
the sense primers of each of the mutants are as follows:
130 mutant (5V-gcacactcgcgcgcggaaagtaggactgc-3V), 133
mutant (5V-ccgcgatgaaagtaaaacgccgtattgtgtacgg-3V), 139
mutant (5V-gtacgggaggactaggagattcctagatgtgt-3V) 392
mutant (5V-gagcaccccgagacacaaaagagaccaagaatttc-3V) and
the 393 mutant (5V-gagcaccccgcacagaaatagacgagaattt-
caagccgcc-3V). The virus strain utilized in the mutagenesis
has been described previously (Hernandez et al., 2003)
and all virus mutants were constructed using this cDNA.
A two-step process was employed using Pfu polymerase
(Stratagene, La Jolla CA), a modification described by
Wang and Malcolm (Wang and Malcolm. B, 1999). The
initial PCR consisted of 200 ng of DNA template, 5 Al
of 10 Pfu polymerase buffer (200 mM Tris–HCl [pH
8.8], 100 mM KCl, 100 mM [NH4]2SO4, 20 mM
MgSO4, 1% Triton-X-100, and 1 mg of bovine serum
albumin/ml), 100 AM deoxynucleotide triphosphates, 200
ng of either the sense or antisense mutagenic primer, and
1 Al (2.5 U) of Pfu DNA polymerase in a 50-Al final
volume. The PCR conditions were 95 8C for 1 min, 63
8C for 2 min, and 72 8C for 18 min; this repeated 15
times. After this first PCR step, 50 Al of each of the
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Al reaction, 2 Al of Pfu polymerase was added, and the
PCR program was repeated in full. After the desired
mutations were made and confirmed by sequencing, they
were subcloned into the full-length vector using the
BsiW1 and XHOI (New England Biolabs, Beverly, MA.)
unique sites. After sequence confirmation, infectious
RNA was produced via in vitro reactions using SP6
RNA polymerase (New England Biolabs, Beverly, MA)
and introduced into both BHK-21 and CHO RPE.40 cells
by electroporation (Hernandez et al., 2000). The BHK-21
and CHO RPE.40 grown viruses were harvested once
cytopathic effect was evident or 24–40 h post-trans-
fection. Mutant virus infected cells also contained 10 mM
HEPES pH 7.4 added to the culture media. Virus
harvested from infected cells was separated into 1-ml
aliquots, and flash frozen in liquid N2. Virus aliquots
were thawed only once after freezing.
Metabolic labeling and immunoprecipitation
Anti-whole virus antibody was produced in rabbits and
Sindbis virus specific IgG was purified using a Hi Trap,
protein-A column (Amersham Pharmacia Biotech, Piscat-
away, NJ). Metabolically labeled transfections of BHK-21
or CHO RPE.40 cells were electroporated as described
above, and at 6.5-h post-transfection, 5 ml of fresh media
containing 4 Ag of actinomycin-D/ml (Act-D) (Calbio-
chem, San Diego, CA.) was added to 25-cm2 flasks of
cells (~5  106 cells) and incubated at 37 8C for 1 h. The
flasks were then washed with 5 ml of room temperature
PBS-D and placed into 5 ml of starvation medium (MEM
deficient in methionine and cysteine, supplemented with 2
mM glutamine, 3% FBS) and returned to 37 8C for 1 h.
The transfected cells were then labeled with 50 ACi of
[35S]methionine-cysteine (Met/Cys)/ml in 5 ml of starva-
tion medium and incubated at 37 8C until advanced CPE
was visible. For labeled infections, an 85%–90% confluent
monolayer was treated as described above. The monolayer
was then infected with 1 ml of virus diluted in 1 PBS-D/
3% FBS to an MOI of 0.03–0.3 pfu/ml at room temper-
ature for 1 h. The remaining metabolic labeling protocol is
essentially as described for the transfected cells described
above and previously (Hernandez et al., 2000). For CHO
RPE.40 cells, proline was added to the starvation media to
a final concentration of 34.50 mg/l. The labeled virus was
removed and stored 48. The cells were washed once with
cold PBS-D. Labeled cell associated proteins were
processed for immunoprecipitation similar to that
described previously. Two Al of anti-whole virus antibody
were added to the cell supernatants and rocked at 4 8C
followed by the addition of 200 Al of Protein-A beads and
the tubes were rocked overnight at 4 8C and immunopre-
cipitated as described previously (Mulvey and Brown,
1994). Polyacrylamide gel electrophoresis (PAGE) analysis
of the supernatant of the precipitation and the labeledmedia was done to confirm the efficiency of the antibody
to remove viral proteins.
SDS-PAGE
SDS-PAGE of radiolabeled proteins was carried out
under denaturing conditions (0.1% SDS) in 10.8% or 12.5%
polyacrylamide or 10% tricine gels as described previously
(Liu and Brown, 1993). SDS-PAGE gels were run overnight
at 4 W/gel in standard gel running buffer. Autoradiographs
of labeled proteins were processed as described previously
(Liu and Brown, 1993).
Gradient purification and particle/PFU ratio determination
of furin mutant viruses
Labeled infections were carried out as described above.
The supernatants from infected monolayers were harvested
and centrifuged to equilibrium on 15–35% potassium
tartrate gradients in PBS-D for the purification of virus
particles. Centrifugation was done using a Beckman SW-28
rotor at 24,000  g overnight. If a purified virus band was
visible, the band was collected in a minimum volume. If no
band was visible, 0.5-ml to 1-ml fractions were collected
and 5 Al of each fraction was counted by scintillation
spectrometry for detection of labeled virus. To isolate the
truncated E1V protein, a 1–20% sucrose gradient in PBS-D
over a 65% cushion was used. For these gradients an SW-40
rotor was used and run at 26K overnight. The fraction(s),
which were determined to contain the maximum-labeled
virus, were dialyzed in PBS-D containing 8% polyethylene
glycol (PEG). In some cases, the virus was run directly on
an SDS-PAGE without dialysis. Purified virus protein
concentrations were determined using the Micro BCA
protein assay reagent kit (Pierce, Rockford, IL). Titration
of the same virus fraction was performed on BHK-21 cells
as described above. The number of particles in a preparation
of wild-type virus was determined using electron micro-
scopy by the agar filtration protocol described by Kellen-
berger and Bitterli (1976), and the particle count was
correlated to the protein concentration (Hernandez et al.,
2003). These calculations were used to determine the
particle/pfu ratio.
Transmission electron microscopy
BHK-21 and CHO RPE.40 cells were transfected with
RNA transcribed from either wild type or individual furin
mutants as specified or in some experiments the cells were
infected with virus from the transfections. Incubation
proceeded at 37 8C for 16 to 18 h, after which the cell
monolayers were scraped from the flasks and pelleted by
low-speed centrifugation. Cell pellets were washed twice
with PBS-D and fixed with 3% glutaraldehyde (Ladd
Research Industries, Williston, VT) in 0.1M cacodylic acid
buffer (pH 7.4) (Ladd Research Industries, Williston VT).
S. Nelson et al. / Virology 332 (2005) 629–639 639After cells were washed three times with 0.1 M cacodylic
acid, the cells were stained with 2% osmium tetroxide in
cacodylic buffer for 1 h. Cells were then washed as before
and embedded in 2% agarose. The agarose containing the
cell sample was then prestained with 1% uranyl acetate
(Polaron Instruments, Inc., Hatfield, PA) overnight at 4 8C.
The samples were washed and carried through ethanol
dehydration. Infiltration was done using SPURR compound
(LADD Research Industries). Blocks were then trimmed on
an LKB NOVA Ultrotome (Leica Microsystems, Inc.
Deerfield, IL). Ultra-thin sections were then obtained and
were stained with 5% uranyl acetate in distilled water for 60
min and in Reynolds lead citrate (pH 12) (Mallinkrodt
Baker Inc., Paris, KY.) for 4 min. The samples were
examined at 80 kV in a JEOL JEM 100S transmission
electron microscope.Acknowledgments
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